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Abstract
The exclusive baryonic Λb → Λ(→ ppi−)`+`− decay has been analyzed using most general model independent
approach, where apart from the modification of some of the SM Wilson coefficients (WCs), there are additional
vector, axial vector, scalar, pseudo-scalar and tensor couplings. The LHCb has already published their data on
dB/ds,FL, A`FB and AΛFB in several bins for this decay. In order to see which new coupling among V A, SP and T can
accommodate the available data, first we have examined the influence of these couplings separately to the values of
above mentioned observables. It is observed that SP couplings favor experimental data compared to the V A couplings
for all observables but still no individual coupling is able to accommodate all the available data simultaneously. To
achieve this goal, the pairs of new WCs are taken to check their range that simultaneously satisfy constraints of
B-Physics and available LHCb data of this decay. We find that most of the available data could be accommodated by
the different pairs of V A and SP WCs which in result give more severe constraints on the parametric space of these
WCs. By using these new constraints, the values of a number of other angular observables are calculated and we find
that their values are significantly large to be measured at the LHCb.
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1. INTRODUCTION
The CKM-, loop- and GIM- suppression of the flavor-changing-neutral-current (FCNC) b→ s(d)γ or b→ s(d)`+`−
transitions make them the candidate of the rare decays. Their corresponding exclusive decays such as B →
K∗, φ(ρ)`+`− have been the focus of the theoretical and experimental studies for some time, due to the poten-
tial they provide to test the predictions of Standard Model (SM) for different observables such as branching fractions,
angular distributions and lepton flavor universality tests. Though the interest in such decays dates back to the era of
B-factories, the recent triggering point was the measurements at the LHC, most prominently the P ′5 anomaly [1, 2]
in B → K∗µ+µ− decay by the LHCb collaboration [3, 4]. Later the interest in these rare decays was enhanced when
the deviations from the SM predictions were observed in the measurements of the lepton flavor universality RK and
RK∗(RK(∗) = dB/ds(B → K(∗)µ+µ−)/dB/ds(B → K(∗)e+e−)) [5–7]. Similarly, the deviations are also observed
in the differential decay rate of Bs → φµ+µ− [8–10], the branching ratios of B → D∗τν [11] and B → K(∗)µ+µ−
[12]. Moreover, BaBar Collaboration measured the lepton flavor universality violation [13, 14] in RD and RD∗
(RD(∗) = dB/ds(B → D(∗)τντ )/dB/ds(B → D(∗)`ν`) where ` = e, µ). These mismatch between SM prediction and
experimental measurements are rather significant (2σ − 3.4σ) [15], providing clear hints of the presence of some new
coupling along with that of the SM ones. Due to these facts, the four-body decay B → K∗(→ Kpi)`+`− has been
extensively studied in literature [16–25]. More precise experimental studies are part of the programs for the LHC
upgrade [26] and Belle-II [27], and there is no doubt that these decays will help us to to see if these anomalies are due
to the violation of the SM or it involve some QCD physics. Supposing that these anomalies persist in future data,
similar kind of deviations would also expected to be seen in the baryonic partners of these rare B−meson decays,
especially in Λb → Λ (→ ppi−) `+`− decays.
The advantage of baryon decay Λb → Λ (→ ppi−) `+`− over B → K∗(→ Kpi)`+`− is that; even the initial state
baryons Λb are unpolarized, the final state baryon Λ spin can be used to understand the helicity structure of effective
Hamiltonian [28–31]. Furthermore, similar to the B → K∗(→ Kpi)`+`− decay, it also provide a large number of
angular observables and is sensitive to all the Dirac structures present in the weak Hamiltonian. As the number of
angular observables increases due to the polarization of Λb baryon, it makes this decay to be more prolific to test new
physics (NP) [32]. Due to these distinctive features, the radiative and semileptonic Λb decays have been well studied
in literature [33–41]. To look for the imprints of NP in Λb decays, there are some dedicated studies of this decay in
different NP models, namely, in 2HDM [42], Z ′ model [43], Randall-Sundrum model with custodial protection [44],
Left-right models [45], Supersymmetric theories [46] and in a most general model independent way [47, 48]. In case
of model independent approach, the study of Λb → Λ`+`− is confined to the analysis of branching ratio (dB/ds) and
lepton-side forward-backward asymmetry (A`FB), whereas a full set of angular observables for this decay have already
in other approaches, see e.g., [43, 45, 49] showing that the different physical observables are quite sensitive to the
NP couplings. Motivated by these studies, the present work focuses the analysis of Λb → Λ`+`− decay in the model
independent approach.
In particular, we study the Λb → Λ(→ ppi)`+`− decay, with unpolarized Λb, using a most general effective Hamilto-
nian involving new vector and axial-vector (V A), scalar and pseudo-scalar (SP ), and the tensor (T ) operators. Being
an exclusive decay process, some of the physical observables are not clean due to the uncertainties arsing from the
form factors. However, some high level precision lattice QCD calculations of form factors are available for Λb → Λ
[39] transition and by using the Bourrely-Caprini-Lellouch parametrization their profile in the full momentum transfer
square (q2 = s) is obtained in [50]. The lattice results are not only consistent with the recent QCD light- cone sum
rule calculations [51] but also have much smaller uncertainty in most of the kinematic range. It is a well established
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fact that in contrast to the B-decays, the QCD factorization is not fully developed for the b-baryon decays, therefore,
we will not include the non-factorizable contributions in the present study. It is also important to emphasis that a
similar study is performed for the few observables, namely, dB/ds, A`FB and FL in ref. [52]. However, in comparison
to this the present study is quite extensive, especially in two ways: the first and the most important is that we have
taken the four-folded decay rate distribution which helps us to explore some more interesting physical observables
which depend both on the angle of cascade decay θΛ and on the angle φ. The second is to see the lepton mass effects
on the observables, we keep the terms involving the mass of the final state lepton which are previously ignored in [52]
and hence helping us to extended our analysis to the case when we have τs in the final state. As a first step, by using
the constraints on the NP Wilson coefficients (WCs) given in [52], we reproduced their results of dB/ds, A`FB and FL
in Λb → Λ(→ ppi)µ+µ− decay. Later, we see the imprints of these new operators on the longitudinal asymmetry αL,
the transverse asymmetry αU and the observables named as P ′i’s that are derived from different foldings and hence
have minimal dependence on the form factor.
The study performed here is organized as follows: Sec. 2 discusses the effective Hamiltonian of the SM and its
extension to take care of the NP operators arising due to the model independent approach. In Sec. 3, after giving the
matrix elements in terms of the form factors, the helicity formalism for all possible currents of effective Hamiltonian
is discussed. A brief discussion on the formalism of cascade decay Λ → ppi− in given at the end of this section. The
four folded angular distribution and the expressions of physical observables for different NP operators are given in
Sec. 4. The discussion of the impact of new V A, SP and T couplings on different physical observables has been done
in section 5, where we also discuss the lepton mass effects in Λb → Λ(→ ppi)`+`− decay. In the same section, we
present the simultaneous fit of observables for which experimental data is available to see if we could find the values
of the pairs of NP WCs that can satisfy the experimental data for more than one physical observables. At the end
of section 5, impact of lepton mass effects on different observables is briefly explored for Λ(→ ppi)τ+τ−. Finally, the
main findings of this study are concluded in Sec. 6. At the end, the Appendix provides the details of the calculation
of different helicity fractions of leptons and hadrons for all possible operators.
2. EFFECTIVE HAMILTONIAN
The exclusive Λb(PΛb) → Λ(PΛ)`+`− decay is governed by the quark level b → s`+`− transition. In order to
incorporate the NP, the effective Hamiltonian can be modified in two ways: by keeping the operator basis to be same
as in the SM and modifying the WC only or by introducing the new operators and modifying the SM WC at the same
time. The model independent approach belong to the second category and the effective Hamiltonian for b → s`+`−
decay becomes
Heff = −GFαe√
2pi
VtbV
∗
ts
[(
Ceff9 s¯γ
µPLb− 2mb
s
Ceff7 s¯iqνσ
µνPRb+ CV s¯γ
µPLb+ C
′
V s¯γ
µPRb
)
¯`γµ`
+ (C10s¯γ
µPLb+ CAs¯γ
µPLb+ C
′
As¯γ
µPRb) ¯`γµγ5`+
(
C ′S s¯PLb+ CSP¯Rb
)
¯``
+ (C ′P s¯PLb+ CP s¯PRb) ¯`γ5`+ CT (s¯σ
µνb) ¯`σµν`+ CT5 (s¯σ
µνb) ¯`σµνγ5`
]
(1)
where GF is Fermi-constant, αe is fine structure constant, VtbV
∗
ts are the corresponding elements of CKM matrix and
s ≡ q2 is dilepton mass squared. The WCs Ceff7 , Ceff9 and C10 correspond to the SM operators O7, O9 and O10,
respectively, whereas the new WCs C
(′)
V , C
(′)
A , C
(′)
S , C
(′)
P , CT and CT5 represent the vector, axial-vector, scalar,
pseudo-scalar, Tensor and pseudo-tensor currents, respectively. The parts of Hamiltonian (1) representing these
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currents are
HV A = −GFαe√
2pi
VtbV
∗
ts
[(
Ceff9 (H
µ
V −HµA)−
2mb
s
Ceff7 (H
µ
T +H
µ
T5
) + CV (H
µ
V −HµA) + C ′V (HµV +HµA)
)
¯`γµ`
+
(
Ceff10 (H
µ
V −HµA) + CA(HµV −HµA) + C ′A(HµV +HµA)
)
¯`γµγ5`
]
, (2)
where HµV =
1
2 (s¯γ
µb) and HµA =
1
2 (s¯γ
µγ5b). Writing C˜
+
9 = C
eff
9 + CV + C
′
V , C˜
−
9 = C
eff
9 + CV − C ′V , C˜+10 =
Ceff10 + CA + C
′
A and C˜
−
10 = C
eff
10 + CA − C ′A, Eq. (2) takes the form
HV A = −GFαe√
2pi
VtbV
∗
ts
[(
HµV C˜
+
9 −HµAC˜−9 −
2mb
s
Ceff7 (H
µ
T +H
µ
T5
)
)
¯`γµ`+
(
HµV C˜
+
10 −HµAC˜−10
)
¯`γµγ5`
]
. (3)
The scalar-pseudoscalar (SP ) part of effective Hamiltonian is
HSP = −GFαe√
2pi
VtbV
∗
ts
[
(C ′S(HS −HP ) + CS(HS +HP )) ¯`` + (C ′P (HS −HP ) + CP (HS +HP )) ¯`γ5`
]
(4)
with HS = s¯b and HP = s¯γ5b. In more compact form, it becomes
HSP = [C+SHS + C−S HP ]``+ [C+PHS + C−PHP ]`γ5` (5)
where C±S,P = CS,P ± C ′S,P . Likewise, we can write the tensor (T ) part from Eq. (1) as
HT ′ = −GFαe√
2pi
VtbV
∗
ts
[
(s¯σµνb) ¯`σµν (CT + CT5γ5) `
]
. (6)
3. PHYSICAL OBSERVABLES IN HELICITY FORMALISM
As an exclusive process, the transition matrix elements for Λb → Λ transition for different possible currents can
be parameterized in terms of form factors, fVt,0,⊥, f
A
t,0,⊥, f
T
0,⊥ and f
T5
0,⊥ [53]. As the helicity formalism provide a
convenient way to describe these parameterizations, for the vector current it becomes
HtV (sΛb , sΛ) = ε
µ∗
t 〈Λ(PΛ, sΛ)|s¯γµb|Λ(PΛb , sΛb)〉 (7)
where µ∗t denotes the time-like polarization of the virtual gauge boson and sΛb and sΛ are the spin-projections of
initial and final state baryons, on the z−axis in their rest frames, respectively. In terms of the form factors, the matrix
elements for Λb → Λ appearing in Eq. (7) becomes
〈Λ (PΛ, sΛ) |s¯γµb|Λb (PΛb , sΛb)〉 = u¯ (PΛb , sΛb)
[
fVt (s) (mΛb −mΛ)
qµ
s
+ fV0 (s)
mΛb +mΛ
s+
×
(
PµΛb + P
µ
Λ −
qµ
s
(
m2Λb −m2Λ
))
+fV⊥ (s)
(
γµ − 2mΛ
s+
PµΛb −
2mΛb
s+
PµΛ
)]
u (PΛ, sΛ) , (8)
with s+ = (mΛb + mΛ)
2 − s and q = PΛb − PΛ. Using the kinematical relations defined in [52] and taking εµt =
1√
s
(q0, 0, 0, − |~q|), the non-zero helicity components for time-like polarization from Eq. (8) read
HtV (+1/2,+1/2) = H
t
V (−1/2,−1/2) = f tV (s)
mΛb −mΛ√
s
√
s+. (9)
In case of longitudinal polarization εµ∗0 =
1√
s
(|~q| , 0, 0, −q0), the corresponding helicity amplitude becomes
H0V (sΛb , sΛ) = ε
µ∗
0 〈Λ(PΛ, sΛ)|s¯γµb|Λ(PΛb , sΛb)〉 (10)
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and using Eq. (8), the non-zero longitudinal components for vector current become
H0V (+1/2,+1/2) = H
0
V (−1/2,−1/2) = f0V (s)
mΛb +mΛ√
s
√
s−. (11)
with s− = (mΛb −mΛ)2 − s. Likewise, for the transverse polarization εµ∗± = 1√2 (0, ±1, i, −q0)
H±V (sΛb , sΛ) = ε
µ∗
± 〈Λ(PΛ, sΛ)|s¯γµb|Λ(PΛb , sΛb)〉, (12)
the corresponding non-zero helicity components are
H+V (−1/2,+1/2) = H−V (+1/2,−1/2) = −f⊥V (s)
√
2s−. (13)
Similar expressions for the matrix elements for the axial-vector currents are
〈Λ (PΛ, sΛ) |s¯γµγ5b|Λb (PΛb , sΛb)〉 = −u¯ (PΛb , sΛb)
[
fAt (s) (mΛb +mΛ)
qµ
s
+ fA0 (s)
mΛb −mΛ
s−
×
(
PµΛb + P
µ
Λ −
qµ
s
(
m2Λb −m2Λ
))
+fV⊥ (s)
(
γµ +
2mΛ
s+
PµΛb −
2mΛb
s−
PµΛ
)]
u (PΛ, sΛ) . (14)
The corresponding non-zero components for time-like polarization of virtual boson are
HtA(sΛb , sΛ) = ε
µ∗
t 〈Λ(PΛ, sΛ)|s¯γµγ5b|Λ(PΛb , sΛb)〉 (15)
HtA(+1/2,+1/2) = −HtA(−1/2,−1/2) = f tA(s)
mΛb +mΛ√
s
√
s−. (16)
The corresponding longitudinally polarized components are
H0A(sΛb , sΛ) = ε
µ∗
0 〈Λ(PΛ, sΛ)|s¯γµγ5b|Λ(PΛb , sΛb)〉 (17)
H0A(+1/2,+1/2) = −H0A(−1/2,−1/2) = f0A(s)
mΛb −mΛ√
s
√
s+ (18)
and the one for the transverse polarization are
H±A (sΛb , sΛ) = ε
µ?
± 〈Λ(PΛ, sΛ)|s¯γµγ5b|Λ(PΛb , sΛb)〉 (19)
H+A (−1/2,+1/2) = −H−A (+1/2,−1/2) = −f⊥A (s)
√
2s+. (20)
For the dipole operators is¯qνσ
µνb and is¯qνσ
µνγ5b, the respective transition matrix elements are
〈Λ (PΛ, sΛ) |s¯iσµνqνb|Λb (PΛb , sΛb)〉 = −u¯ (PΛb , sΛb)
[
fT0
s
s+
(
PµΛb + P
µ
Λ −
qµ
s
(
m2Λb −m2Λ
))
+fT⊥ (mΛb +mΛ)
(
γµ − 2mΛ
s+
PµΛb −
2mΛb
s+
PµΛ
)]
u (PΛ, sΛ) , (21)
and
〈Λ (PΛ, sΛ) |s¯iσµνqνγ5b|Λb (PΛb , sΛb)〉 = −u¯ (PΛb , sΛb) γ5
[
fT50
s
s−
(
PµΛb + P
µ
Λ −
qµ
s
(
m2Λb −m2Λ
))
+fT5⊥ (mΛb −mΛ)
(
γµ +
2mΛ
s−
PµΛb −
2mΛb
s−
PµΛ
)]
u (PΛ, sΛ) . (22)
In this case, the corresponding non-zero helicity components for different polarizations of virtual boson are
H0T (sΛb , sΛ) = ε
µ∗
0 〈Λ(PΛ, sΛ)|s¯iσµνqνb|Λ(PΛb , sΛb)〉 (23)
H0T5(sΛb , sΛ) = ε
µ∗
0 〈Λ(PΛ, sΛ)|s¯iσµνqνγ5b|Λ(PΛb , sΛb)〉 (24)
H0T (+1/2,+1/2) = H
0
T (−1/2,−1/2) = −f0T (s)
√
ss− (25)
H0T5(+1/2,+1/2) = H
0
T5(−1/2,−1/2) = f0T5(s)
√
ss+. (26)
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The helicity amplitude corresponding to the tensor current i.e., s¯σµνb becomes
Hm,nT ′ (sΛb,sΛ) = ε
µ∗
m 
µ∗
n 〈Λ(PΛ, sΛ)|s¯iσµνb|Λ(PΛb , sΛb)〉, (27)
where m,n = t, 0,±. Using the expression of 〈Λ (PΛ, sΛ) |s¯iσµνb|Λb (PΛb , sΛb)〉 from [52] (c.f. Eq. (C.7)), the
non-zero components for virtual bosons’s time-like, longitudinal, transverse and the possible combination of these
polarization becomes
H0tT ′(+1/2,+1/2) = H
0t
T ′(−1/2,−1/2) = −f0T (s)
√
s− (28)
H+tT ′ (−1/2,+1/2) = H−tT ′ (+1/2,−1/2) = f⊥T5(s)
mΛb +mΛ√
s
√
2s− (29)
H+0T ′ (−1/2,+1/2) = H−0T ′ (+1/2,−1/2) = f⊥T5(s)
mΛb −mΛ√
s
√
2s+ (30)
H+−T ′ (+1/2,+1/2) = −H+−T ′ (−1/2,−1/2) = −f0T5(s)
√
s+ (31)
The remaining components can be obtained by using the relation Hm,nT ′ (sΛb , sΛ) = −Hn,mT ′ (sΛb , sΛ).
In order to obtain the matrix elements for the scalar and pseudo-scalar currents, we have to contract Eq. (8) and
Eq. (14) with qµ. Using the Dirac equation and ignoring the mass of strange quark we have
〈Λ (PΛ, sΛ) |s¯b|Λb (PΛb , sΛb)〉 = fVt (s)
mΛb −mΛ
mb
u¯ (PΛb , sΛb)u (PΛ, sΛ) (32)
〈Λ (PΛ, sΛ) |s¯γ5b|Λb (PΛb , sΛb)〉 = fAt (s)
mΛb +mΛ
mb
u¯ (PΛb , sΛb) γ5u (PΛ, sΛ) . (33)
Here, we can see that the matrix elements for these currents do not contribute any new form factors. The corresponding
helicity amplitudes along with their non-zero components are
HtS(sΛb , sΛ) = ε
µ∗
t 〈Λ(PΛ, sΛ)|s¯b|Λ(PΛb , sΛb)〉 (34)
HtS(+1/2,+1/2) = H
t
S(−1/2,−1/2) = f tV (s)
mΛb −mΛ
mb
√
s+ (35)
HtP (sΛb , sΛ) = ε
µ∗
t 〈Λ(PΛ, sΛ)|s¯γ5b|Λ(PΛb , sΛb)〉 (36)
HtP (+1/2,+1/2) = −HtP (−1/2,−1/2) = −f tA(s)
mΛb −mΛ
mb
√
s−. (37)
In the theoretical study of the exclusive decays, form factors being the non-perturbative quantities are the major
source of uncertainties and hence having a good control on their precise calculation is always a need of time. To
address this, several approaches have been opted to compute them, e.g., the quark models [36, 54, 55], the Lattice
QCD [39], light cone sum rules (LCSR) [56, 57] and the perturbative QCD approach [58]. In order to reduce the
number of independent form factors, some effective theories are used, e.g., the Heavy quark effective theory (HQET)
[59, 60] helps to reduce the number of independent form factors from ten to two i.e., the Isuger-wise relations ξ1 and
ξ2. Similarly, in soft-collinear effective theory (SCET) the evaluation of the form factors [53] reduces this number to
one. In our analysis, we use the form factors calculated by using Lattice QCD for full dilepton mass square range and
these can be expressed as [39]:
f(s) =
af0 + a
f
1z(s) + a
f
2z
2(s)
1− s/(mfpole)2
(38)
The inputs af0 , a
f
1 and a
f
2 are given in table V and m
f
pole in Table III of [39] and these are summarized in Tables I
and II of [43] with the replacement of fV0, +, ⊥ → fVt, 0, ⊥, g0, +, ⊥ → fAt, 0, ⊥, h+, ⊥ → fT0, ⊥ and h+, ⊥ → fT50, ⊥. The
parameter z is defined as [39]
z(s) =
√
t+ − s−√t+ − t0√
t+ − s+√t+ − t0 , (39)
where t0 = (mΛb −mΛ)2 and t+ = (mB −mK)2.
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3.1. Cascade Decay Λ→ ppi−
The SM effective Hamiltonian for the cascade decay Λ→ ppi is given as
HeffΛ =
4GF√
2
VusV
∗
ud(d¯γ
µPLu)(u¯γ
µPLs). (40)
Again, by using the Hamiltonian (40) between initial state Λ and final state p, the matrix elements can be expressed
in term of the QCD parameters (see ref. [61] for details.) The non-zero helicity contributions to the total decay width
for this decay are
Γ′(+1/2,+1/2) = (1 + α cos θΛ)ΓΛ Γ′(+1/2,−1/2) = −α sin θΛeiφΓΛ
Γ′(−1/2,−1/2) = (1− α cos θΛ)ΓΛ Γ′(−1/2,+1/2) = −α sin θΛe−iφΓΛ (41)
where ΓΛ is the decay width of Λ→ ppi.
4. FOUR FOLD ANGULAR DISTRIBUTION AND PHYSICAL OBSERVABLES
The four fold differential decay width for the four-body decay process Λb → Λ(→ ppi)`+`− is
d4Γ
ds d cos θd cos θΛdφ
= dΓV A + dΓSP + dΓT ′ + dΓV A−SP + dΓV A−T ′ + dΓSP−T ′
denoting
dΓi =
d4Γi
dsd cos θd cos θΛdφ
with i = V A, SP, T ′, V A − SP, V A − T ′ and SP − T ′. Eq. (42) can be written in the form of different matrix
elements as
d4Γ
dsd cos θd cos θΛdφ
= N [|MV A|2 + |MSP |2 + |MT ′ |2 + (MV AM∗SP +MV AM∗T ′ +MSPM∗T ′ + h.c.)] , (42)
where the normalization constant N is given by
N = (GFαeVtbV
∗
ts)
2λv
3× 211m3Λbpi5
,
with v =
√
1− 4m2`s and λ = (m2Λb−m2Λ−s)2 +4sm2Λ. The non-zero helicity components of hadron and lepton current
are given in the Appendix. Here, we would like to mention that our expressions of the lepton helicity components
corresponding to different currents include the lepton mass term and by setting it equal to zero, our expressions are
reduced to the ones given in [52].
As in the SM, the currents corresponding to Λb → Λ`+`− is vector and axial-vector, therefore, the contribution
of V A operators only modify some of the angular coefficients appearing in the SM. However, contributions from the
scalar and pseudo-scalar operators, being missing in the SM, introduce new angular coefficients. The four fold angular
decay distribution for the decay under consideration is
d4Γ
ds d cos θΛ d cos θ` dφ
=
3
8pi
[
K1ss sin
2 θ` +K1cc cos
2 θ` +K1c cos θ` + (K2ss sin
2 θ` +K2cc cos
2 θ` +K2c cos θ`) cos θΛ
+(K3sc sin θ` cos θ` +K3s sin θ`) sin θΛ sinφ+ (K4sc sin θ` cos θ` +K4s sin θ`) sin θΛ cosφ
]
.(43)
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Following the approach adopted to extract the angular observables in [43] and [49], the expressions of the physical
observables of interest in model independent approach are
dΓ
ds
= K1ss +K1cc, A
`
FB =
3K1c
4K1ss + 2K1cc
, AΛFB =
2K2ss +K2cc
4K1ss + 2K1cc
,
A`ΛFB =
3K2c
8K1ss + 4K1cc
, αU =
K˜2cc
K1cc
, αL =
K˜2ss
K1ss
,
αθΛ =
K˜2cc + 2K˜2ss
K1cc + 2K1ss
, αθ` =
K1cc −K1ss
K1ss
, α′θ` =
K1c
K1ss
,
αφ =
3pi2K˜4s
16(K1cc + 2K1ss)
, α′φ =
3pi2K˜3s
16(K1cc + 2K1ss)
, P3 = 2K2c
Γ̂
,
P8 = 4K1c
Γ̂
, P9 = 4K2cc
Γ̂
, Y2 =
3(K2cc −K2ss)
8Γ̂
Y3sc =
K3sc
2Γ̂
Y4sc =
K4sc
2Γ̂
(44)
where K˜i,j =
Ki,j
αΛ
and Γ̂ = dΓds . The detailed expression of Ki,j in terms of helicity amplitudes are given in the
Appendix. In Eq. (44), αΛ is the asymmetry parameter corresponding to the parity violating Λ→ ppi− decay and its
experimentally measured value is 0.642± 0.013 [62].
5. IMPACT OF NEW COUPLINGS ON PHYSICAL OBSERVABLES
In this section, we will discuss the impact of the NP couplings corresponding to V A, SP and T operators on the
observables given in Eq. (44). First we start with dB/ds, FL, A`FB and AΛFB on which the experimental data is
available. The idea behind this is to see whether these NP couplings accommodate the current available data [63]
or not, we study these observables by using recent constraints on NP couplings from [64]. To accomplish this task,
firstly we discuss the impact of individual NP couplings on the above mentioned observables and later we analyze
their simultaneous impact on the observables. In doing so, we will explore all the current available range of new
couplings constrained by B−meson decays in different bins of s. After doing this, we will discuss the observables
Y2, 3sc, 4sc, P3, 8, 9 and α(′)i where, i = θ`, φ`, θΛ, L, U which show minimum dependence on the form factors and
hence are the potential candidates to search for NP in some on going and future experiments. In order to present
our results of different physical observables, we will plot them against the square of the momentum transfer s in the
SM as well as in the presence of NP couplings. Furthermore, to see whether the NP couplings, V A, SP and T , could
simultaneously accommodate all available data for the observables dB/ds, FL, A`FB and AΛFB or not for the decay
Λb → Λ(→ ppi−)µ+µ−, we have plotted them against the new WCs. In all the figures, we have plotted the curves both
for the zero and non-zero lepton mass. Therefore, our formalism is more general from the previous study [52]. Just to
distinguish the lepton mass effect, we have also discussed the different physical observables for Λb → Λ(→ ppi)τ+τ−
decay.
5.1. Vector and Axial-Vector Part (V A)
It is a well established fact that, in order to accommodate the discrepancies between the SM predictions and the
experimental measurements in different B−meson decays, some models with new V A couplings have been proposed
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FIG. 1: Observables in the SM and in the presence of new VA couplings. The SM curves are denoted by black color. The
orange curve is obtained with CV = −1.61 and C′V = CA = C′A = 0. The blue line is for CV = −CA = −1 and C′V = C′A = 0
and green color is for CV = −1.34, C′A = −0.4 and C′V = CA = 0. The solid and dashed lines are for the massive and massless
µ− cases respectively.
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[65, 66]. As these couplings are already present in the SM, therefore, they only modify the SM WCs and leave the
operator bases to be the same. Hence, no new angular coefficient arise in this particular case. In case of the massless
lepton (µ), and varying the V A couplings in the range CV = [−1.61,−1], C ′V = 0, CA = 1 and C ′A = −0.4 which take
care of the global fit sign, the observables dB/ds, A`FB and FL have already been discussed in [52]. As a first step,
we have repeated the analysis done in [52] for massless lepton case (dashed lines in all plots) in our formalism and
obtained the same results. Later, the same analysis is done by setting the non-zero mass for our final state lepton
that is µ (solid lines of all colors). Fig. 1(a) shows that by using available range of C
(′)
V,A couplings, mentioned above,
the available branching ratio data could be accommodated only in two low s bins (s ∈ [0.1, 2] GeV2 and s ∈ [6, 8]
GeV2). Also, due to the negative value of CV , the value of the branching ratio in the presence of NP arising due to
these couplings is smaller than the corresponding SM value in the whole s region. In addition, the µ mass does not
add any visible deviation for this observable. In the case of A`FB , though the NP couplings enhanced the values but
small enough to accommodate the data. As the zero position of this asymmetry is proportional to the vector-current
coefficient Ceff7 /C
eff
9 , therefore, the shift in zero-position is expected after addition of any new vector type couplings
and it can be seen in Fig. 1(c). We hope that the future data on the zero-position of A`FB in Λb → Λµ+µ− decay
will further improve the constraints on V A couplings. Like the branching ratio, the µ mass effects are also invisible
in this case too. The situation is slightly different for AΛFB (Fig. 1(b)) and FL (Fig. 1d) where the above constraints
on V A couplings satisfy the data within errors in the measurements, especially, for FL in the s ∈ [1, 3] GeV2 and
s ∈ [15− 16] GeV2 bins. Again, going from massless to massive µ−case did not lead to any significant change.
Besides the above mentioned observables, we show that there are some new interesting physical observables such as
the combined lepton-baryon forward-backward asymmetry A` ΛFB , the fractions of transverse (FT ) polarized dimuons,
the asymmetry parameters α
(′)
θ`
, αθΛ , αL and angular coefficients Y3sc, 4sc, Y2 and P3, 8, 9 which are influenced by these
new couplings. These observables are also interesting from the experimental point of view as they have minimum
dependence on the form factors which are the major source of uncertainties. Therefore, these observables will provide
an optimal ground to test the SM as well as to explore the possible NP. The values of these observables against s in
the SM and in the presence of C
(′)
V,A couplings are presented in Figs. 1, 2 and 3. The main effects of C
(′)
V,A on these
observables can be summarized as:
• Fig. 1(e) depicts that the value of A`ΛFB is an order of magnitude smaller than the experimentally measured
A`FB and A
Λ
FB . Just like A
`
FB its zero position also shift to the right and it increases with increasing the value
of CV . The value of this observable is changed throughout the s region due to the change in the value of V A
couplings , however, the value is insensitive to the mass of the final state µ.
• In case of FT (Fig. 1(f)), the impact of new V A couplings along with the final state µ−mass effects are visible
only in low s region. As we know that FL + FT ≈ 1, therefore the behavior of FT and FL are expected to be
opposite to each other in the presence of V A couplings and it can be seen in Fig. 1.
• The observables αθ` and α′θ` are plotted in Figs. 1(g) and 1(h), respectively. From these plots, one can see that
the µ-mass effects are visible in low s region for αθ` but not for the α
′
θ`
. However, both observables are sensitive
to the V A couplings and to extract the imprints of NP both are significant to be measured precisely at LHCb
and Belle-II experiments. Furthermore, the behvior of α′θ` is similar to the A
`
FB and it also passes from the
zero-position at a specific value of s in the SM. Also this zero-position is shifted towards the higher value of s
when CV is set to higher negative value.
• For the observables αθΛ , αL, αU , αξ the maximum deviation comes only when we set CV = −1.34, C ′A = −0.4
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and C ′V = CA = 0 as shown by the green curves in Fig. 2. However, in case of Y2 the maximum deviation
comes for the CV = −1.61 and C ′V = CA = C ′A = 0 that is plotted with the orange curve. While the value of
Y4sc is suppressed in the SM and in the presence of new V A couplings, it is still not in a reasonable range to be
measured experimentally. The µ mass effect is also insignificant for all these observables at large recoil.
• The four-fold decay distribution defined in Eq. (43) gives us a chance to single out the different physical
observables by studying different foldings. In semileptonic B-meson decays, such foldings have been studied in
detail, especially the penguin asymmetries (Pi). Among them the P
(′)
5 is the most important as highlighted
in the Section 1 and these are discussed in detail in [43]. However, in the current study of the Λb baryon, we
consider only P3, P8 and P9 which are the coefficients of cos θl cos θΛ, cos θl and cos θΛ, respectively. We can
see from Eq. (44), together with the expressions given in Appendix, that these observables heavily depend on
the V A couplings. We find that the values of P3 and P8 maximally change from their SM predictions when we
set CV = −1.61 and C ′V = CA = C ′A = 0 in almost all the s region and it is shown by the orange curve in Fig.
3. Similar to the case of A`FB and α
′`
θ , the zero-positions of P3 and P8 also move to the right from their SM
zero-positions. In contrast to this, the zero-position of P9 is shifted towards left from its SM value. Similarly,
the effects of V A couplings on P9 are prominent only for low values of s and for this particular observable, the
µ−mass term contribution is also quite visible.
5.2. Scalar and Pseudo-scalar Part
In order to constraint the SP couplings the golden channel is the Bs → µ+µ−, as it does not have any contributions
from C ′V and the one proportional to C
′
A is helicity suppressed (O(m2`/m2B)). Therefore, by using the available
experimental data on Bs → µ+µ− and B → Xsµ+µ− decay channels, the constraints on SP couplings are already
obtained in [52] and these are C
(′)
S,P =
[−4.0, 4.0]. In the present study, we use these constraints to see the dependence
of different physical observables on SP couplings.
As SP couplings are absent in the SM, therefore in contrast to the new V A couplings mentioned in previous
section, a new angular coefficient arises which corresponds to cos θΛ. In addition to this coefficient, all the SM angular
coefficients are modified except K3sc and K4sc and hence we expect that the most of the physical observables show
strong dependence on these SP couplings and the corresponding results are plotted in Figs. 4, and 5 by taking
C
(′)
S,P = [−3.1, 3] with the condition |CS,P − C ′S,P | <∼ 0.1 [52] and also due to having a large pull in global fits to
B−Physics data. The important observations can be summarized as:
• In the massless µ− limit, we can see that our results of the dB/ds, A`FB , FL and AΛFB are in agreement with
the trend shown in [52] and the values of these observables mainly change in the high s region. From Fig.
4(c), it can be seen that for A`FB , the best fit to the data is achieved when we set CS = 3.0 and C
′
S = 2.9
and it is displayed by the green curve. Just to mention, in contrast to the SP couplings, the V A couplings
do not accommodate the data of A`FB in high s bins. However, the zero-postion is not affected because the
contributions from the SP couplings do not contain any odd power terms in cos θ`. On the other hand, after
inclusion of SP couplings, FL agrees with the data only in s ∈ [0.1 − 2] GeV2 bin (c.f. Fig. 4(b)) and for this
particular observable the SM predictions show better trend with the data. However, the more data on these
observable will reveal the future status of SP couplings. For the AΛFB , in contrast to the V A coupling, this
observable is sensitive to the SP coupling and it can be seen in Fig. 4(c). However, the changed values are still
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FIG. 2: Observables in the SM and in the presence of new VA couplings. The description of different curves is similar to the
Fig. 1 .
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FIG. 3: P3, P8 and P9 in the SM and in the presence of new VA couplings. The description of different curves is similar to the
Fig. 1.
within the errors in the measurements except in one high s bin i.e. [16 − 18] GeV2. Similar to the FL, in the
high s bins, the SM AΛFB curve has shown better agreement with the data than the curves with SP couplings.
It is found that these observables are also not sensitive to the mass of final state µ’s.
• Compared to V A couplings, the profile of A`ΛFB is quite sensitive to the SP couplings and it can be observed
in Fig. 4(d). Particularly, in the high s region, its value is approximately decreased by an order of magnitude
from the corresponding SM predictions. However, its zero-position, similar to the A`FB , is not changed because
it is also proportional to the V A and not to the SP couplings. Also the massless or massive µ consideration
does not lead to any visible change.
• In the presence of SP couplings, the behavior of FT is opposite to that of FL as it expected due to FL +FT = 1
for every value of s. This can be noticed in Fig. 4(f).
• In contrast to the V A couplings, one can see from Fig. 4(g) and the Fig. 5(a, c, d) that αθl and αθΛ , αL ,
αU are quite sensitive to the SP coupling. These plots show that due to the SP couplings, the values of these
observables are significantly suppressed from that of the SM predictions in almost all the s region. For α′θl ,
similar to the A`FB and A
′Λ
FB , the zero position depends only on V A coupling and hence is not expected to be
changed due to consideration of the SP couplings as can be seen in Fig. 4(h). However, α′θl is looking more
sensitive to the SP coupling as compare to the V A couplings. Particularly, in the high s region, where the value
of α′θl is 80 percent suppressed from its SM predictions. Similar to this, Fig. 5(b) shows that, in the high s
region, αξ is also sensitive to the SP couplings. Just like other observables, these are also insensitive to the µ
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FIG. 4: Observables in the SM and in the presence of new SP couplings. The SM curves are denoted by black color. The
orange color is obtained with CS = CP = −3 and C′S = C′P = −3.1 (for dB/ds orange color is for CS = CP = −1 and
C′S = C
′
P = −1.1) and the green line is drawn when CS = 3 and C′S = 2.9 (for dB/ds green color is for CS = 1 and C′S = 0.9).
The solid and dashed lines are for the massive and massless µ− cases respectively.
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FIG. 5: Observables in the SM along with SP couplings. The description of different curves is similar to the Fig. 4
mass.
• For the angular observables Y ’s where only the value of Y2, plotted in Fig. 5(e), is significant to be measured at
the LHCb and at the future experiments. One can notice that similar to the α’s the value of Y2 is significantly
reduced from its numbers calculated using the SM. This observable is also insensitive to the µ−mass.
• Similar to α’s, P3, 8, 9 are also very sensitive to the SP couplings as compared to that of the V A couplings and
it can be noticed from Fig. (6). We can see that the values of P’s are changed from their SM predictions by
a factor of 4 − 6. Again, the position of the zero-crossing in P3 and P8 are unchanged after inclusion of SP
couplings and the numerical results are insensitive to µ−mass.
Thus, together with the B−meson decays, we hope that it will be interesting to look for the angular asymmetries of Λb
baryon decay at the LHCb which help us to get better constraints on the SP couplings. In short, when experimental
data on these angular observables will be available for Λb baryon, we would be in better position to draw a conclusion
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FIG. 6: P3, P8 and P9 in the SM and in the presence of SP couplings. The description of different curves is similar to the Fig.
4
about the future status of SP couplings.
5.3. Tensor Part
Similar to the SP couplings, the one corresponding to the tensor currents are also absent in the SM and hence
they also modify all the SM angular coefficients, except K3sc and K4sc. In [52], it has been discussed in detail that
Bs → Xsµ+µ− along with B → Xc`ν` are the most important channels to obtain the constraints on these NP
couplings. By using these channels, the equation of constraints is obtained to be C2T + C
2
T5
= 0.55 [52]. As the
constraints on these couplings are quite stringent, therefore, to see their impact on physical observables, we vary the
values CT and CT5 such that the above equation of constraints is satisfied. Doing this we find that the maximum
impact on the different observables is achieved when we select CT = 0.72 and CT5 = 0.2. We have also explored
that in contrast to the V A and SP couplings, very few observables are affected by the tensor couplings only in low
s region. The values of most of the observables do not show any dependence on the tensor couplings and remain
close to their SM predictions. For example, in case dB/ds, FL, A`FB and AΛFB for which the experimental data is
available, the imprints of tensor couplings are shown in Fig.7. Here, we can observe that our analysis coincides with
[52] for all of the four observables. One can also see that all of these four observables are sensitive to tensor couplings
only in low s region. However, the effects on dβ/ds and A`FB are mild as compared to FL and A
Λ
FB , particularly in
s ∈ [0.1 − 3] GeV2 bin where the effects in the AΛFB are very prominent. In this region, after inclusion the tensor
coupling, the value of AΛFB looks slightly better in agreement with the experimental observations as compared to that
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FIG. 7: These plots are constructed by taking CT = 0.72 and CT5 = 0.2 and the black color indicates SM.
TABLE I: Data accommodated by new couplings in different bins.
O dB/ds FL A`FB AΛFB
bins (GeV2) SM V A SP T SM V A SP T SM V A SP T SM V A SP T
[0.1− 2] % 4 % % 4 4 4 4 4 4 4 4 4 4 4 4
[2− 4] % % % % – – – – – – – – – – – –
[4− 6] % % % % – – – – – – – – – – – –
[6− 8] % 4 % % – – – – – – – – – – – –
[15− 16] % % % % % % 4 % % % 4 % 4 4 4 4
[16− 18] % % % % % % % % % % 4 % % % % %
[18− 20] % % % % 4 4 % 4 % % 4 % 4 4 4 4
of the SM predictions. In short, our analysis shows that the effects of the tensor couplings are not prominent for all
of the angular observables except FL and A
Λ
FB in low s region.
5.4. Combined effects of V A-SP couplings on angular observables
As the uncertainties in the experimental data of dB/ds, A`FB , FL and AΛFB are significantly large and based on
the analysis performed above, we can say that any individual set of new couplings can not accommodate the whole
available data. This situation is somewhat more problematic in high s bins. In this case, from Figs. 1, 4 and 7, one
can summarize this situation for these observables in Table I, where one can read:
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• V A coupling accommodate dB/ds data only in two low s bins. The data of FL and AΛFB are accommodated in
low and high s bins except s ∈ [16 − 18] GeV2 bin. The data of AlFB is only accommodated in s ∈ [0.1 − 2]
GeV2 bin.
• SP coupling does not satisfy the dB/ds data in any of the bins where as the data on FL can be taken care of
in low s bin. AlFB data is fully accommodated and that of A
Λ
FB in low and high s bins except in s ∈ [16− 18]
GeV2 bin.
• Like SP couplings, the T coupling does not accommodate dB/ds data in any bin. FL can be satisfied in
s ∈ [0.1 − 2] GeV2 and s ∈ [18 − 20] GeV2 bins only, while A`FB in s ∈ [0.1 − 2] GeV2 bin and AΛFB is
accommodated in all bins except s ∈ [16− 18] GeV2.
Based on these observations, we can see that taking new couplings separately is not favourable option in the presence
of available data on observables of Λb → Λ(→ ppi−)µ+µ− decay channel. It is, therefore, useful to see if two new
couplings are turned on together, the situation will be improved or not. In order to do so, the constraints on new
WCs corresponding to vector, axial-vector, scalar, pseudo-scalar and tensor operators are once again chosen from the
one adopted by [52] and by using the global fit presented in [64], i.e.,
CV = [−1.61,−1] C(′)S = [−4, 4] C(′)P = [−4, 4] (45)
with |CS,P − C ′S,P | ≤ 0.1. We have not included C ′V , CA, C ′A, CT and CT5 in this discussion as severe constraints
from B-physics on these coefficients do not allow us to vary them significantly. From Eq. (45), the following ten
combinations are possible:
1.(CV , CS), 2.(CV , CS′) 3.(CV , CP ) 4.(CV , CP ′), 5.(CS , CS′)
6.(CS , CP ′), 7.(CP , CS′) 8.(CS , CP ) 9.(CS′ , CP ′), 10.(CP , CP ) (46)
Among these combinations, we are interested in searching for the combinations which maximally accommodate the
current available data of all the four observables mentioned above. With this condition, when we explore all of the
combinations given in Eq. (46), it is found that there is not a single combination which explain the data of all four
observables simultaneously, in all the available bins. However, we have found that out of ten there are six combinations
of new WCs (given in Eq. (47)) which can do it of three observables FL, A
l
FB and A
Λ
FB , simultaneously, in s ∈ [0.1−2]
GeV2 and s ∈ [18 − 20] GeV2 bins and all four observables only in s ∈ [15 − 16] GeV2 bin. In this case, for the bin
s ∈ [16 − 18] GeV2 only FL, and AΛFB can be taken care. On the other hand, if we would like to accommodate the
data of dB/ds as well, we can only take care of one of the other three observables. Therefore, similar to the case
when new couplings are taken separately, as discussed above, the available data is still not fully explained when new
couplings V A and SP were turned on together. However, the six possible combinations of new couplings which could
almost accommodate the data of three observables FL, A
l
FB and A
Λ
FB , simultaneously are
1.(CV , CS), 2.(CV , C
′
S) 3.(CV , C
′
P ), 4.(CS , C
′
S), 5.(CS , C
′
P ), 6.(CP , C
′
S) (47)
The impact of these combinations of new couplings on the experimentally measured and other physical observables
in low (high recoil region) and high (low recoil region) s bins will be discussed from here onwards.
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1. High recoil region
In this region, we focus only on the bin s ∈ [0.1− 2] GeV2 because LHCb data in this particular region is available
for all the four observables: dB/ds, A`FB , FL and AΛFB . First, we have examined all the six combinations given
in Eq. (47) by tweaking them in their current allowed ranges (c.f. Eq. (45)), to see if they could simultaneously
accommodate the available data on these observables or not. At a next step, we have calculated the values of these
observables for these combinations accordingly and their results are presented in Fig. 8. From these plots, we have
made the following observations:
• Fig. 8(a) reflects the complete range of each combination of new WC given in Eq. (47) which is allowed by
B-physics data (Eq. (45)) with the condition |CS − C ′S | ≤ 0.1. The range of CX , CY and the corresponding
color schemes are given in the caption of the figure. We found that these ranges simultaneously satisfiy the, FL,
A`FB and A
Λ
FB data in s ∈ [0.1− 2] GeV2 bin.
• By using these allowed values for each combination of new WCs, we predict the values of FL, A`FB and AΛFB
by plotting them against the CX and CY in Fig. 8 (b)-(d). The pink flat curve in each plot corresponds to the
measured experimental range of the observable. These plots show that the SM values of FL, A
`
FB and A
Λ
FB are
0.62, 0.09 and −0.32, respectively, in s ∈ [0.1− 2] GeV2 as shown by the black straight lines.
• Fig. 8(b) represents the variation in the values of FL against each combination of CX and CY . It can be noticed
that the value of FL, approximately, varies from 0.39 − 0.77 when we vary the values of CX and CY in their
allowed regions. It means current constraints on the new WCs suggest that the value of FL is in 0.39 < FL < 0.77
and hence exclude the experimental measurement region that is above and below this range of FL.
• Fig. 8(c)) shows that the value of A`FB is not very sensitive to the combinations of NP couplings and the value
of this observable remain close to its SM value which is 0.1. Therefore, the larger experimental values of this
observable can not be accommodated by the current constraints of new WCs.
• For AΛFB , the combinations (C ′P , CV ) and (CS , C ′S) (cyan and black dots) significantly change the value of this
observable from its SM predictions while for other combinations of new WCs, the value remained close to the
SM predictions and it can be seen from Fig. 8(d). In this bin, the maximum and the minimum values of AΛFB
are found to be −0.4 and −0.25, respectively. Therefore, the positive value of this observable and the value
greater than −0.25 seems to be excluded by the current constraints on new WCs.
In short, the observables FL, A
`
FB and A
Λ
FB in high recoil region are very interesting to tell us more about the
possible values of the new V A and SP couplings.
2. Low recoil region
For low recoil bin s ∈ [15− 16] GeV2, one can make the following observations from Fig. 9
• In this bin, the available data of all four observables could be accommodated by the combinations of V A and
SP couplings given in Eq. (47) with the exception of (C ′P , CV ). However, when we try to fit the available data
of the observables by these combinations, the region of new WCs allowed by B−Physics is further reduced as
can be seen from Fig. 9(a).
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FIG. 8: (a) The parametric space of (CX , CY ) allowed from B-physics constraints on new WCs and that satisfy the data of FL,
A`FB and A
Λ
FB , simultaneously, in the bin s ∈ [0.1− 2] GeV2. Different colors in plot represent different combinations of new
WCs: Red, blue, green, cyan, brown and black dots represent the (CX , CY ) = (CS , CV ), (CS , C
′
P ), (C
′
S , CV ), (C
′
P , CV ),
(C′S , CP ) and (CS , C
′
S), respectively. (b)-(d) Predictions of FL, A
`
FB and A
Λ
FB in the bin s ∈ [0.1− 2] GeV2 against the WCs
collected in (a) where the pink flat curves reflect the measured values of FL, A
Λ
FB and A
`
FB , along with the uncertainties at
the LHCb data.
• It can be seen from the blue and brown dots in Fig. 9(a) that for the combinations of (C(′)S , C ′P ), the parametric
space of CS is reduced to [±4,±2.6] and when CS close to its maximum value, i.e., ±4, then full range of C ′P ,
[+4,−4], is allowed. On the other hand when C ′S close to ±4, the C ′P is allowed between ±(4 − 3) (see brown
dots). It is further noticed that if C
(′)
S reaches ±2.6 then CP ′ goes to zero.
• In the combinations of (C(′)S , CV ), the parametric space of CV is unchanged which can be seen from the red and
green dots in Fig. 9(a) while the parametric ranges of C
(′)
S are reduced to ±4 < CS < ±0.5, ±2 < C ′S < ±0.5
which can be noticed from the red and green dots, respectively.
• The constraint on the combination [CS , C ′S ] are already severe due to the condition |CS,P−C ′S,P | ≤ 0.1 and these
are further narrow down when we try to explore the data of above mentioned observables. The new allowed
range for this combination is between ±2 to ±1 with |CS,P − C ′S,P | ≤ 0.1 condition that can be seen from the
black dots in Fig. 9(a).
• By using these new allowed ranges of new WC, we have predicted the values of all four observables in the bin
s ∈ [15−16] GeV2 and plotted them in Fig. 9(b-e). In this bin the SM value of dB/ds is 0.58×10−7 and from Fig.
9(b), it can be seen that this value varies (0.82−1.42)×10−7 when we vary the values of combinations (CS , C ′P ),
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(C ′S , CP ) and (CS , C
′
S) in their allowed parametric space shown in Fig. 9(a). It can also be noticed that the
combinations (CS , C
′
P ), (C
′
S , CP ) and (CS , C
′
S) allow full experimental range of dB/ds which can be seen by
blue, brown and black dots. In contrast to this, the combinations (C
(′)
S , CV ) allow the region (0.82−1.15)×10−7
of experimental measurements that is displayed by red and green dots in the plot.
• Similar to the observable dB/ds, the values of FL are also predicted in s ∈ [15 − 16] GeV2 bin and plotted in
Fig. 9(c). The SM value of FL is 0.46 and it varies in the range 0.19 to 0.32 for the combinations (CS , C
′
P ),
(C ′S , CP ) and (CS , C
′
S) (see blue, brown and black dots). On the other hand by the combinations (C
(′)
S , CV ),
the value of FL does not vary too much and predicted to be about 0.19− 0.24, which can be noticed from the
red and green dots in the plot.
• Similarly, the values of A`FB are predicted and plotted in Fig. 9(d). The SM value of this observable in this bin
is −0.37 and by using the values of combinations (CS , CP ′) and (C ′S , CP ) this value varies in between −0.15 to
−0.26 which is shown by blue and brown dots. For the combinations (C(′)S , CV ), the predicted range of A`FB is
−0.19 to −0.12 as can be seen from the red and green dots.
• Fig. 9(d) represents the predicted values of AΛFB by using the combinations of new WCs. The SM value of this
observable in this bin is −0.31 and by using the allowed values of (CS , C ′P ) and (C ′S , CP ) combinations and it
changes from −0.22 − −0.13 (blue and brown dots) and by (C(′)S , CV ) combinations the range of the value of
AΛFB is found to be −0.17 to −0.12 (black dots).
It is important to mention here that the values of the observables does not depend on the signs of the new WCs and
it can be easily seen from Fig. 9(b - e). However, when more precise data will be available from the Run 3 of the
LHC, the values of the observables in this bin can be used to put more constraints on new WCs, particularly on the
scalar type of couplings.
In s ∈ [16− 18] GeV2 bin:
• The SM values of the dB/ds, FL, A`FB and AΛFB in this bin are 0.51×10−7, 0.42, −0.37 and −0.29, respectively.
As we have mentioned earlier that we are interested only in those bins where all four and if not at least three
observables are accommodated, simultaneously, by using the parametric space of new WCs which is allowed by
the B−physics data. In this bin, we have found that only the data of two observables, FL and A`FB , could be
accommodated simultaneously. Therefore, this region is not good to predict the values of observables. However,
in future, when more data will be available in this bin, this region will also become interesting to analyze the
possible NP.
In s ∈ [18− 20] GeV2 bin:
• In this bin, by excluding the data of FL the available data of remaining three observables, dB/ds, A`FB and AΛFB ,
could be accommodated simultaneously for the combinations of new WCs that are given in Eq. (47). However,
except the combinations (CS , C
′
P ) and (C
′
P , CV ), the other four combinations of new WCs can take care of data
of these observables. We have also explored the case by including the data of FL but in this situation, it is found
that only one more observable can be accommodated at one time with it. Furthermore, as a result of satisfying
the data, this bin provide more severe constraints on the new WCs that are still allowed by B−physics and it
can be seen from Fig. 10(a). The important observations in this case are the following:
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FIG. 9: (a) Shows the parametric space of (CX , CY ) allowed from B-physics constraints on new WCs and which also satisfy
the data of dB/ds, FL, A`FB and AΛFB , simultaneously, in the bin s ∈ [15− 16] GeV2. (b)-(e) are the predictions of dB/ds, FL,
A`FB and A
Λ
FB in the bin s ∈ [15− 16] GeV2 against the WCs collected in (a). The legends are same as Fig. 8.
• It can be noticed from the brown dots in Fig. 10(a) that for the combinations of (C ′S , CP ), the parametric space of
C ′S is reduced to [±4,±2.4] and CP , is to be [+3,−3] with the severe parabolic condition 5.057(C ′S−2.384) ' C2P .
On the other hand, for the other combinations the allowed regions of C
(′)
S are further narrow down while the
region of CV still remains the same as restricted by B−physics data. This can be seen from the black, red and
green dots in the Fig. 10. Therefore, similar to the s ∈ [15 − 16] GeV2 bin, the s ∈ [18 − 20] GeV2 is also
important for the scalar type new WCs.
• By using the allowed ranges of new WCs, shown in Fig. 10(a) and discussed above, the predictions of the
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FIG. 10: (a) Shows the parametric space of (CX , CY ) allowed from B-physics constraints on new WCs and that also satisfy
the data of FL, A
`
FB and A
Λ
FB , simultaneously, in the bin s ∈ [18− 20] GeV2. (b)-(d) are the predictions of FL, A`FB and AΛFB
in the bin s ∈ [18− 20] GeV2 against the WCs collected in (a). The legends are same as Fig. 8.
observables dB/ds, A`FB and AΛFB are plotted in Fig. 10(b-d) in s ∈ [18 − 20] GeV2 bin. In this bin the SM
value of dB/ds is 0.32× 10−7 and it can be observed from Fig. 10(b) that using allowed values of the (C ′S , CP )
and (CS , C
′
S) combinations, the value of dB/ds varies in very small region of experimental range, i.e., roughly
(1.47−1.54)×10−7 (brown and black dots, respectively). In contrast to this, the combinations (C(′)S , CV ) allow
the full region of experimental value and in this case the range of the value is found to be (0.94− 1.54)× 10−7
that are displayed by the red and green dots in Fig. 10(b).
• Similarly, the values of A`FB are predicted and plotted in Fig. 10(c). The SM value of this observable in this
bin is −0.31 and by using the allowed values of the combinations (C ′S , CP ) and (CS , C ′S) the value is found to
be ' −0.13 which is shown by brown and black dots. For the combinations (C(′)S , CV ), the predicted range of
A`FB is [−0.07 − −0.14] which is shown by red and green dots. One can further notice that allowed range of
combinations predict only the negative value of A`FB which satisfies the very small experimental region of this
observable, particularly, the positive experimental value of this observable is not theoretically possible by using
any of the above four combinations.
• Fig. 10(c) represents the predicted values of AΛFB by using the combinations of new WCs. The SM value of
this observable in this bin is −0.23 and by using the allowed values of (C ′S , CP ) and (CS , C ′S) combinations, this
value is roughly to be −0.10 (see the brown and black dots) and by (C(′)S , CV ) combinations the range of the
value of AΛFB is found to be [−0.07 − −0.12] (black dots) which can be seen by the red and green dots. The
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higher experimental values of this observable is also not possible to produce by using the current constraints on
any possible combination of new WCs.
In short, in this particular bin, the analysis of above mentioned observables shows that it also favors to put additional
constraints on new scalar type couplings. On the other hand, the parametric space of vector type couplings does not
change and remain the same as allowed by the B−physics data. Moreover, similar to the case of s ∈ [15− 16] GeV2
bin, the numerical values of the observables in this case are also independent of the sign of new WCs.
5.5. Lepton mass effects
It has already been mentioned in the section 1 that we have calculated the expressions of different physical ob-
servables by taking the mass of the final state leptons to be non-zero which is not the case in [52] and hence our
study can be easily extended to the semileptonic Λb → Λτ+τ− case. Based on our analysis of Λb → Λµ+µ− we find
that µ−mass effects in the angular observables of the four body decay Λb → Λ(→ ppi−)µ+µ− are not prominent,
consequently in the case of muons, the lepton mass terms are safely ignored as was the case in [52]. For the sake of
completeness of the above statement, we have also calculated the values of angular observables in the full kinematic
range for the case of Λb → Λ(→ ppi−)τ+τ− decay in and beyond the SM and listed them in Tables II - IV. From
the first row in each of the Tables II - IV, one can notice that the magnitude of the SM values of all the observables,
considered here, are decreased due to the non-zero τ ’s mass except FT , αU and P9, whereas the values of A
Λ
FB and
αθΛ remain unchanged. Similar effects can also be noticed in these tables when we included the V A (rows 2 - 4) and T
(row 7) couplings along with the SM couplings. For the case of SP − 1 striking results are obtained where the values
of all the observables have been changed significantly e.g., we can from Table II that the value of FL even change
the sign for the allowed values of the scalar coupling. For this case all the values change sign except dBds , FT , Y2 and
αθΛ . For the second possibility of scalar couplings (SP − 2), the value of the observables dB/ds, FL, AΛFB , Y3sc, αθΛ ,
α′θ` , αU , αL and P9 are increased due to the τ ’s mass effects while the values of the observables A
`
FB , FT , Y4sc, αθ`
and P8 are decreased and the values of other observables such as A
`Λ
FB , Y2, αξ, α
′
ξ and P3 remain unchanged (c.f.
sixth row of of each Tables II - IV). In short, we have found that the effects of τ ’s mass are significantly large in
the decay Λb → Λ(→ ppi)τ+τ−. Therefore in contrast to the case of muons, to pursue the NP effects in the angular
observables for the decay Λb → Λ(→ ppi)τ+τ−, it is indispensable to include the lepton mass terms in the expressions
of the observables. Consequently, it is worthy to derive the expressions by taking the lepton mass to be no zero in
the semileptonic decay Λb → Λ(→ ppi)`+`− where ` = e, µ, τ .
5.6. Most favorable pair of Wilson coefficients
We have extracted the most favorable pair of new WC’s which is (C ′S , CP ) as shown in Fig. 11. This pair satisfy
individual observables dBds , FL, A
`
FB and A
Λ
FB in low recoil bins s ∈ [15, 16] GeV2, [16, 18] GeV2 and [18, 20] GeV2
and FL, A
`
FB and A
Λ
FB in the bin s ∈ [0.1, 2] GeV2. It means that it can satisfy all experimental data available for
Λb decay except
dB
ds in low energy bins. Density of plots in Fig. 11 shows how the respective parametric space of
(C ′S , CP ) is favorable by Λb decay observables.
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FIG. 11: (C′S , CP ) is the most favorable pair of Wilson coefficients. Green, Black, red and blue colors de note
dB
ds
, FL, A
`
FB
and AΛFB respectively.
6. SUMMARY AND CONCLUSION
We have discussed the impact of new vector V A, scalar SP and tensor T couplings on 18 physical observbles in
the decay channel Λb → Λ(→ ppi−)µ+µ− which serve as important testing tools for NP. Most of them are the ratios
of angular coefficients and hence are not prone by the uncertainties in the calculation of hadronic form factors. This
makes them a fertile ground to see the any possible NP imprints in semileptonic Λb → Λ`+`− decays. We have
analyzed these observables in the SM and in the model independent approach by considering different combinations
of vector, axial-vector, scalar, pseudo-scalar and tensor couplings (WC’s). Before pursuing towards the impact of NP,
first we have analyzed the lepton mass effects on these observables in the SM. For this purpose, we calculated the
general expressions of the above mentioned observables by setting the lepton mass to be non-zero. We deduce that
µ−mass effects are negligible at low recoil for all observables but mildly effected some observables, such as FT , αθ` ,
Y2, Y4sc and P9 in high recoil region. In short, the µ mass effects on the observables are not very prominent and
one can safely ignore the µ−mass terms in the expressions of lepton helicity fractions as was done in [52]. However,
we observed that this is not the case for τ ’s as final state leptons. Hence, before searching any possible NP in the
decay channel Λb → Λ(→ ppi−)τ+τ−, one has to consider the tauon mass effects. Doing so we have also calculated
the numerical values of all the observables in Λb → Λ(→ ppi−)τ+τ− decay.
By using the following range of new WCs that are allowed by the B-physics data with the global fit sign suggestion
CV = [−1.61,−1], C ′V = 0, CA = 1, C ′A = −0.4
C
(′)
S = C
(′)
P = [−4, 4], CT = 0.72, CT5 = 0.2, (48)
we have predicted the numerical values of the observables under consideration and compared them with the LHCb
data where available. From plots (a - d) in Figs. 1, 4 and 7, we found:
• There is a mismatch between the SM and LHCb data on dB/ds both in low and high s regions. Only new V A
couplings in two low s bins, [0.1− 2] GeV2 and [6− 8]GeV2, are able to accommodate the dB/ds data.
• The SM values of FL and AΛFB fall within the error bars of LHCb data in all bins except in the [16− 18] GeV2
bin and V A, SP and T couplings are also unable to accommodate the data in this bin too.
• The data of A`FB deviates from the SM in high s region and only SP couplings are able to accommodate this
data.
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It is also noticed that zero-crossing of observables shift towards high s when new V A couplings are introduced in
addition to the SM WCs. This is not the case with the SP couplings. In case of αθ` , αU and αL when we include V A
couplings their values are modified a little by the combination CV = −1.34, C ′A = −0.4 and C ′V = CA = 0 and other
combinations are SM like. However, the data on A`FB , particularly in high s region, favor the V A couplings and also
bring the value of dB/ds closer to experimental measurement as compared to the SM in low s bins. Now compared
to V A and T couplings, the constraints are less stringent on SP WCs, their influence on above discussed observables
is more prominent. Also the data on dB/ds, A`FB and AΛFB in high s region favor the SP couplings while Tensor
coupling keeps the value of AΛFB in high s region closer to the experimental value than that of the SM or any other
new couplings. Hence, there is not a single new coupling among V A, SP and T operators that can accommodate all
the available LHCb data on these four observables in all s bins simultaneously.
To overcome the above situation, we have also examined CV , CS , C
′
S , CP and C
′
P by considering these couplings
in pairs (CX , CY ) where X,Y = V, S, S
′, P, P ′ and explored their allowed parametric space to see whether the
combinations of these new couplings satisfy the available LHCb data for all the four observables in large recoil bin
s ∈ [0.1− 2] GeV2 and in low recoil bins [15− 16] GeV2, [16− 18] GeV2, [18− 20] GeV2 or not. We observed that at
large recoil, among four the measured values of three observables, FL, A
`
FB and A
Λ
FB could be satisfied simultaneously
by the combinations given in Eq. (47) while the ranges of WCs mentioned in Eq. (48) remain unchanged. At low
recoil, for the bin s ∈ [15 − 16] GeV2, these combinations accommodate LHCb data for all four observables, dB/ds,
FL, A
`
FB and A
Λ
FB , simultaneously but the ranges of SP WCs mentioned in Eq. (48) are constrained while the
ranges of V A WCs remain the same. It reflects that this bin can provide a good opportunity to search for the NP
when more accurate data will be available. In the [16 − 18] GeV2 bin, the measurements of all observables cannot
be accommodated by any of the combinations of NP WCs. In this region, only a few combinations satisfy measured
ranges of FL and A
Λ
FB simultaneously but none of them satisfy A
`
FB . In last bin of low recoil region [18 − 20]
GeV2, simultaneous data fitting of A`FB , A
Λ
FB and dB/ds is obtained for several combinations of NP WCs. However,
doing so for these three observables, we obtained more severe constraints on the SP WCs than in the [15 − 16]
GeV2 bin while the ranges of V A WCs remain the same as allowed by the B-physics data. Therefore, the available
data of these observables in Λb baryon decay is providing more severe constraints on the SP couplings as compared
to the previously obtained from the B-physics data. Finally, by using the allowed parametric space of these WCs
constrained by the data on above mentioned observables in Λb decays, we predicted the values of these observables
in their corresponding bins and find that they could be potentially measured at the future data from the LHCb and
other planned experiments.
In short, based on the current analysis one can see that we can simultaneously accommodate the B-physics and
Λb → Λµ+µ− data using different combination of V A and SP couplings. This analysis will be more effective and
easy to update when the uncertainties in experimental data reduce in future and hence it will help us to put more
stringent constraints on these NP WCs.
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TABLE II: Observables with and without lepton mass for the decay Λb → Λ(→ ppi)τ+τ− in the SM and different scenarios
of NP couplings where the case m` 6= 0 corresponds to m` = mτ in s ∈ [15 − 20.27] GeV2 bin. Scenario V A − 1 corresponds
to CV = −1.61, C′V = CA = C′A = 0, V A2 corresponds to CV = −CA = −1, C′V = C′A = 0 and V A − 3 corresponds to
CV = −1.34, C′V = CA = 0, C′A = −0.4. Similarly, in SP − 1 case we have taken CS = CP = −3, C′S = C′P = −3.1 whereas
SP − 2 contain CS = 3, C′S = 2.9 and CP = C′P = 0. Tensor couplings correspond to CT = 0.72 and CT5 = 0.2.
dB
ds
× 10−8 FL A`FB AΛFB A`ΛFB FT
SMm`=0 4.50 0.43 −0.34 −0.27 0.14 0.57
SMm 6`=0 2.90 0.35 −0.12 −0.27 0.05 0.65
V A− 1m`=0 3.10 0.42 −0.27 −0.27 0.11 0.58
V A− 1m` 6=0 2.06 0.35 −0.10 −0.27 0.04 0.65
V A− 2m`=0 2.04 0.44 −0.34 −0.27 0.14 0.56
V A− 2m` 6=0 1.34 0.35 −0.12 −0.27 0.05 0.65
V A− 3m`=0 3.08 0.43 −0.31 −0.29 0.12 0.57
V A− 3m` 6=0 2.00 0.35 −0.11 −0.29 0.04 0.65
SP − 1m`=0 4.50 0.42 −0.34 −0.27 0.14 0.57
SP − 1m 6`=0 3.18 −0.33 0.11 0.27 −0.04 1.33
SP − 2m`=0 2.03 0.09 −0.08 −0.06 0.03 0.91
SP − 2m 6`=0 4.95 0.21 −0.07 −0.17 0.03 0.79
T ′m`=0 4.74 0.41 −0.32 −0.26
T ′m` 6=0 3.06 0.34 −0.12 −0.26
TABLE III: Observables by ignoring and taking lepton mass for the decay Λb → Λ(→ ppi)τ+τ− in the SM and different NP
scenarios. Description of couplings is similar to Table II.
Y3sc × 10−6 Y4sc × 10−2 Y2 αθΛ αθ` α′θ`
SMm`=0 2.54 −0.72 0.02 −0.84 −0.20 −0.62
SMm` 6=0 0.93 −0.13 0.00 −0.84 −0.03 −0.50
V A− 1m`=0 1.46 −0.70 0.02 −0.84 −0.19 −0.24
V A− 1m` 6=0 1.36 −0.12 0.00 −0.84 −0.03 −0.19
V A− 2m`=0 3.53 −0.79 0.02 −0.84 −0.21 −0.63
V A− 2m` 6=0 2.07 −0.14 0.00 −0.84 −0.04 −0.24
V A− 3m`=0 2.69 −0.76 0.02 −0.90 −0.20 −0.58
V A− 3m` 6=0 1.58 −0.13 0.00 −0.90 −0.04 −0.22
SP − 1m`=0 2.54 −0.72 0.02 −0.84 −0.20 −0.63
SP − 1m` 6=0 −0.57 0.12 0.00 −0.83 0.01 0.05
SP − 2m`=0 0.30 −0.16 0.00 −0.19 −0.02 −0.06
SP − 2m` 6=0 0.39 −0.07 0.00 −0.52 −0.01 −0.08
Appendix
In this appendix we will expressions of different helicity fractions and the angular coefficients in terms of the form
factors and the WCs corresponding to different currents. The leptonic part of scalar, pseudo-scalar, vector and
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TABLE IV: Observables by ignoring and taking lepton mass for the decay Λb → Λ(→ ppi)τ+τ− in the SM and different NP
scenarios. Description of couplings is similar to Table II.
αξ α
′
ξ × 10−3 αU αL P3 P8 P9
SMm`=0 −0.28 −0.36 −0.82 −0.85 0.36 −0.91 −0.60
SMm` 6=0 −0.11 −0.13 −0.84 −0.84 0.13 −0.32 −0.70
V A− 1m`=0 −0.22 −0.52 −0.84 −0.85 0.28 −0.71 −0.60
V A− 1m` 6=0 −0.09 −0.19 −0.84 −0.84 0.11 −0.25 −0.70
V A− 2m`=0 −0.29 −0.50 −0.84 −0.85 0.36 −0.91 −0.60
V A− 2m` 6=0 −0.11 −0.18 −0.84 −0.84 0.13 −0.33 −0.70
V A− 3m`=0 −0.18 15.4 −0.89 −0.91 0.31 −0.84 −0.64
V A− 3m` 6=0 −0.08 5.47 −0.90 −0.90 0.12 −0.30 −0.75
SP − 1m`=0 −0.28 −0.36 −0.54 −0.85 0.36 −0.91 −0.60
SP − 1m` 6=0 0.09 0.12 0.16 0.17 −0.12 0.31 0.69
SP − 2m`=0 −0.06 −0.08 −0.06 −0.08 0.08 −0.20 −0.13
SP − 2m` 6=0 −0.06 −0.08 −0.30 −0.32 0.08 −0.19 −0.44
axial-vector currents having non-zero contribution are [67]
LS(+1/2,+1/2) = −LS(−1/2,−1/2) = sβ`, LP (+1/2,+1/2) = LP (−1/2,−1/2) = −s,
L±V (+1/2,+1/2) = L
∓
V (−1/2,−1/2) = ∓
√
2m` sin θ`, L
0
V (+1/2,+1/2) = −L0V (−1/2,−1/2) = −2m` cos θ`,
L0V (+1/2,−1/2) = L0V (−1/2,+1/2) = s sin θ`, L+V (+1/2,−1/2) = −L−V (−1/2,+1/2) =
s√
2
(1− cos θ`),
L−V (+1/2,−1/2) = −L+V (−1/2,+1/2) =
s√
2
(1 + cos θ`), L
t
A(+1/2,+1/2) = L
t
A(−1/2,−1/2) = −2m`,
L+A(+1/2,−1/2) = L−A(−1/2,+1/2) =
sv√
2
(1− cos θ`), L−A(+1/2,−1/2) = L+A(−1/2,+1/2) =
sv√
2
(1 + cos θ`),
L0A(+1/2,−1/2) = −L0A(−1/2,+1/2) = sv sin θ`, (49)
and for the tensor part of leptonic current, it becomes
Lt,±T ′ (+1/2,+1/2) = −Lt,±T ′ (−1/2,−1/2) = ∓
s√
2
sin θ`, L
t,+
T ′ (−1/2,+1/2) = −Lt,−T ′ (+1/2,−1/2) =
√
2(1− cos θ`)m`
Lt,−T ′ (−1/2,+1/2) = −Lt,+T ′ (+1/2,−1/2) =
√
2m`(1 + cos θ`), L
t,0
T ′ (+1/2,+1/2) = −Lt,0T ′ (−1/2,−1/2) = −s cos θ`
L+,−T ′ (+1/2,+1/2) = L
+,−
T ′ (−1/2,−1/2) = −s cos θ`β`, L±,0T ′ (+1/2,+1/2) = L±,0T ′ (−1/2,−1/2) = −
s√
2
sin θ`β`, (50)
Lt,0T ′ (−1/2,+1/2) = Lt,0T ′ (+1/2,−1/2) = 2m` sin θ`, Lt,±T5′(+1/2,+1/2) = −Lt,±T5′(−1/2,−1/2) = ±
s√
2
sin θ`β`
Lt,0T5′(+1/2,+1/2) = L
t,0
T5′(−1/2,−1/2) = s cos θ`β`, L+,−T5′ (+1/2,+1/2) = −L+,−T5′ (−1/2,−1/2) = s cos θ`,
L−,+T5′ (+1/2,−1/2) = L−,+T5′ (−1/2,+1/2) = 2m` sin θ`, L+,0T5′(+1/2,−1/2) = −L−,0T5′(−1/2,+1/2) =
√
2(1 + cos θ`)m`,
L±,0T5′(+1/2,+1/2) = −L±,0T5′(−1/2,−1/2) =
s√
2
sin θ`, L
−,0
T5′(+1/2,−1/2) = L+,0T5′(−1/2,+1/2) = −
√
2(1− cos θ`)m`.
It can be seen that by setting the lepton mass m` to be zero, we can obtain the relations given in [52] .
In terms of the hadronic and leptonic currents, the square of amplitudes corresponding to different currents can be
assembled as
|MV A|2 = 1
4
∑
sΛb ,sΛ
∑
s′Λ
∑
s`1 ,s`2
∑
m,n
∑
m′,n′
Hm(sΛb , sΛ)H
n∗(sΛb , sΛ′)gm,m′gn,n′L
m′(s`1 , s`2)L
n′
∗
(s`1 , s`2)Γ
′(sΛ, s′Λ),
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where λ = (m2Λb −m2Λ − s)2 + 4sm2Λ and Lm
′, n′ are the helicity amplitudes for the leptonic part given in Eq. (50).
Likewise
|MSP |2 = 1
4
∑
sΛb ,sΛ
∑
s′Λ
∑
s`1 ,s`2
H(sΛb , sΛ)H
∗(sΛb , sΛ′)L(s`1 , s`2)L
∗(s`1 , s`2)Γ
′(sΛ, s′Λ)
|MT ′ |2 =
∑
sΛb ,sΛ
∑
s′Λ
∑
s`1 ,s`2
Hmn(sΛb , sΛ)H
rs∗(sΛb , sΛ′)gmm′gnn′grr′gss′L
m′n′(s`1 , s`2)L
r′s′∗(s`1 , s`2)Γ
′(sΛ, s′Λ)
MV AM
∗
SP + h.c. =
1
4
∑
sΛb ,sΛ
∑
s′Λ
∑
s`1 ,s`2
[
Hm(sΛb , sΛ)H
∗(sΛb , sΛ′)L
m′(s`1 , s`2)L
∗(s`1 , s`2) + h.c.
]
Γ′(sΛ, s′Λ)
MV AM
∗
T ′ + h.c. =
1
2
∑
sΛb ,sΛ
∑
s′Λ
∑
s`1 ,s`2
[
Hm(sΛb , sΛ)H
∗rs(sΛb , sΛ′)L
m′(s`1 , s`2)L
r′s′∗(s`1 , s`2) + h.c.
]
Γ′(sΛ, s′Λ)
MSPM
∗
T ′ + h.c. =
1
2
∑
sΛb ,sΛ
∑
s′Λ
∑
s`1 ,s`2
[
H(sΛb , sΛ)H
mn∗(sΛb , sΛ′)L(s`1 , s`2)L
r′s′∗(s`1 , s`2) + h.c.
]
Γ′(sΛ, s′Λ) (51)
where summation over the repeated indices is understood.
The various angular coefficients appearing in Eq. (43) are defined as
K1ss = |C˜+9 |2H0,+1V + |C˜−9 |2H0,+1A + |C+7 |2H0,+1T + |C−7 |2H0,+1T5 + |C˜+10|2Ht,0,+V + |C˜−10|2Ht,0,+A
+ < [C+7 C+∗9 ]H4(V,T ) + < [C−7 C−∗9 ]H4(A,T5),
K1cc = |C˜+9 |2H0,+2V + |C˜−9 |2H0,+2A + |C˜+10|2Ht,+3V + |C˜−10|2Ht,+3A +
(|C+7 |2 + |C−7 |2)H0,+2T
+ 2< [C+7 C+∗9 ]H5(V,T ) + 2< [C−7 C−∗9 ]H5(A,T5),
K2ss = α<
[
C˜+10C˜
−∗
10
] (
2β2Ht,tA,V (+1/2,+1/2) + 2v
2H0,0A,V (+1/2,+1/2) + v
2H+,+A,V (−1/2,+1/2)
)
+ α<
[
C˜+9 C˜
−∗
9
]
H4(A,V ) + α<
[
C+7 C
−∗
7
]
H4(T,T5) + α<
[
C+7 C˜
−∗
9
]
H4(A,T ) + α<
[
C−7 C˜
+∗
9
]
H4(V,T5),
K2cc = 2α<
[
C˜+9 C˜
−∗
9
]
H5(A,V ) + 2α<
[
C˜+10C˜
−∗
10
] (
β2Ht,tA,V (+1/2,+1/2) + v
2H+,+A,V (−1/2,+1/2)
)
+ 2α
(
< [C+7 C−∗7 ]H5(T,T5) + < [C+7 C˜−∗9 ]H5(A,T ) + < [C−7 C˜+∗9 ]H5(V,T5)) ,
K1c = −2v
(
<
[
C+7 C˜
−∗
10
]
H+,+A,T (−1/2,+1/2) + <
[
C−7 C˜
+∗
10
]
H+,+V,T5(−1/2,+1/2)
)
− 2v
[
<
(
C˜+9 C˜
−∗
10
]
H+,+A,V (−1/2,+1/2) + <
[
C˜−9 C˜
+∗
10
]
H+,+A,V (−1/2,+1/2)
)
,
K2c = −2vα
(
<
[
C+7 C˜
+∗
10
]
H+,+V,T (−1/2,+1/2) + <
[
C−7 C˜
−∗
10
]
H+,+A,T5(−1/2,+1/2)
)
− 2vα
(
<
[
C˜+9 C˜
+∗
10
]
|H+V (−1/2,+1/2)|2 + <
[
C˜−9 C˜
−∗
10
]
|H+A (−1/2,+1/2)|2
)
K3s =
√
2vα
(
Im
[
C+7 C˜
−∗
10
]
HR6(A,T ) + =
[
C−7 C˜
+∗
10
]
HR6(V,T5) + =
[
C˜+9 C˜
−∗
10
]
HR6(A,V ) + =
[
C˜+10C˜
−∗
9
]
HR6(A,V )
)
,
K4s =
√
2vα
(
Re
[
C+7 C˜
+∗
10
]
HR6(T,V ) + 2<
[
C˜+9 C˜
+∗
10
]
H0V (+1/2,+1/2)H
+∗
V (−1/2,−1/2)
)
−
√
2vα
(
Re
[
C−7 C˜
−∗
10
]
HR6(A,T5) + 2<
[
C˜−9 C˜
−∗
10
]
H0A(+1/2,+1/2)H
+∗
A (−1/2,−1/2)
)
,
K3sc =
√
2v2α
(
−=
[
C˜+9 C
+∗
7
]
HL6(V,T ) + =
[
C˜−9 C
−∗
7
]
HL6(A,T5)
)
,
K4sc = −
√
2v2α
(
< [C+7 C−∗7 ]HL6(T,T5) + < [C˜+9 C−∗7 ]HL6(T5,V ))
+
√
2v2α
(
<
[
C˜+9 C˜
−∗
9
]
HL6(A,V ) + <
[
C˜−9 C
+∗
7
]
HL6(A,T )
)
, (52)
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where β =
2m2`√
s
, v′ =
√
1 + β2 and
Hm,nx,y (sΛb , sΛ) = H
m
x (sΛb , sΛ)H
n∗
y (sΛb , sΛ), H
0,+
1x = |H0x(+1/2,+1/2)|2 +
1
2
v′
2 |H+x (−1/2,+1/2)|
H0,+2x = β
2|H0x(+1/2,+1/2)|2 + |H+x (−1/2,+1/2)|2, Ht,+3x = β2|Htx(+1/2,+1/2)|2 + v2|H+x (−1/2,+1/2)|2
H4(x,y) = 2H
0,0
x,y(+1/2,+1/2) + v
′2H+,+x,y (−1/2,+1/2), H5(x,y) = β2H0,0x,y(+1/2,+1/2) +H+,+x,y (−1/2,+1/2)
HR,L6(x,y) = H
0
x(+1/2,+1/2)H
+∗
y (−1/2,+1/2)±H+x (−1/2,+1/2)H0∗y (+1/2,+1/2),
Ht,0,+x = β
2|Htx(+1/2,+1/2)|2 + v2|H0x(+1/2,+1/2)|2 +
1
2
v2|H+x (−1/2,+1/2)|2 (53)
with x, y = V,A, T, T5.
The square of amplitudes corresponding to SP and T ′ operators, that are absent in the SM are
|MSP |2 =
[
(v2|C+S |2 + |C+P |2)|HS(+1/2,+1/2)|2 + (v2|C−S |2 + |C−P |2)|HP (+1/2,+1/2)|2
]
cos θΛ
+ 2α< [C+P C−∗P ]HS(+1/2,+1/2)H∗P (+1/2,+1/2) + 2α< [C+S C−∗S ]Hs(+1/2,+1/2)H∗P (+1/2,+1/2)
|MT ′ |2 = 8
[|CT |2H7T ′ + |CT5|2H8T ′] sin2 θ` + 16 [|CT |2HT ′ + |CT5|2H10,T ′] cos2 θ`
+ 32α< [CT5C∗T ]H11,T ′ sin2 θ` cos θΛ + 64α< [CT5C∗T ]H12,T ′ cos2 θ` cos θΛ − 32
√
2v2α< [CT5C∗T ]H13,T ′ cos θ` cos θΛ
(54)
where
H7,T ′ = v
′2 |Ht,−T ′ (+1/2,−1/2)|2 + v2|H0,−T ′ (+1/2,−1/2)|2 + β2|H+,−T ′ (+1/2,+1/2)|2
H8,T ′ = v
2|Ht,−T ′ (+1/2,−1/2)|2 + v′
2 |H0,−T ′ (+1/2,−1/2)|2 + β2|H+,−T ′ (+1/2,+1/2)|2
H9,T ′ = v
2|H+,−T ′ (+1/2,+1/2)|2 + |Ht,0T ′ (+1/2,+1/2)|2 + β2|Ht,−T ′ (−1/2,+1/2)|2
H10,T ′ = |H+,−T ′ (+1/2,+1/2)|2 + v2|Ht,0T ′ (+1/2,+1/2)|2 + β2|H0,−T ′ (−1/2,+1/2)|2
H11,T ′ = β
2H+,−T ′ (+1/2,+1/2)(H
t,0
T ′ (+1/2,+1/2))
∗ −H0,−T ′ (+1/2,−1/2)(Ht,−T ′ (+1/2,−1/2))∗
H12,T ′ =
(
1− β
2
2
)
H+,−T ′ (+1/2,+1/2)(H
t,0
T ′ (+1/2,+1/2))
∗ − β
2
2
H0,−T ′ (+1/2,−1/2)(Ht,−T ′ (+1/2,−1/2))∗
H13,T ′ = H
+,−
T ′ (+1/2,+1/2)(H
t,−
T ′ (+1/2,−1/2))∗ +H0,−T ′ (+1/2,−1/2)(Ht,0T ′ (+1/2,+1/2))∗ (55)
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